Thermal conductivity, thermal diffusivity, volumetric specific heat, and isobaric specific heat of tomato puree, soy protein isolate, soybean oil, guacamole, honey, cream cheese, and sucrose solution under pressure was determined using a dual needle probe from 0.1 to 600 MPa at 25 • C. Thermal conductivity and thermal diffusivity of tested materials increased with applied pressure, while the isobaric specific heat decreased with pressure. The maximum combined uncertainty in the measurement of thermal conductivity, thermal diffusivity, volumetric specific heat, and isobaric specific heat were 3.1, 6.8, 6.6, and 6.9%, respectively. The data generated will be useful for the high pressure equipment design and process optimization.
INTRODUCTION
High pressure processing has been used to inactivate pathogenic bacteria and to produce novel food products of high quality. Value added, pressure pasteurized foods have been commercially available and the pressure-assisted thermal processing (PATP) has been approved by the Food and Drug Administration (FDA) for production of low acid foods. [1] Application of high pressure processing in the food industry has generated interest in estimating in-situ thermal properties of foods under pressure. Thermal properties, such as thermal conductivity, diffusivity, and specific heat, are important in optimization of the high pressure processes and prediction of food quality degradation or microbial safety of pressure-treated foods via mathematical modeling. [2, 3] In the engineering literature, a number of methods have been developed for the measurement of materials' properties under pressure. These include the pioneering studies by Bridgman on heat capacity [4] and thermal conductivity of water. [5] Thermal conductivity data for water were reported by Lawson [6] and Kestin. [7] Similarly, these properties
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are also readily available in the form of a National Institute of Standards and Technology (NIST) software. [8] Abdulagatov and Magomedov [9] investigated thermal conductivity of sodium and potassium chloride solutions up to 100 MPa. Only recently, food researchers began investigating techniques for estimating in-situ food properties under pressure. These included thermal conductivity, [10] [11] [12] [13] [14] [15] [16] [17] thermal diffusivity, [14, 18] volumetric specific heat, [14] and specific heat. [10, 19] Barbosa [19] measured in-situ sound velocity under pressure and then estimated thermophysical properties of food models, such as specific heat, density, compressibility, etc., from thermodynamic equations. However, the technique may not be applicable in multiphase or heterogeneous materials due to the scattering of sound waves [20, 21] within many food materials. The dual needle probe based on the line heat source principle was used by Zhu et al. [14] to measure thermal conductivity, diffusivity, and volumetric specific heat of potato and cheddar cheese at 5 and 25
• C up to 350 MPa. The objective of this study was to measure thermal conductivity, thermal diffusivity, volumetric specific heat, and isobaric specific heat values of selected foods under pressure up to 600 MPa at 25
• C.
MATERIALS AND METHODS

Pressure Generating Unit
The experiment was conducted using a custom made high pressure system (26190, Harwood Engineering Inc., Walpole, MA, USA). The system was rated up to 1000 MPa with approximately 25 MPa/s pressurization rate. Depressurization was manually controlled and could be completed in less than 4 s. The pressure transmitting medium contained 50% propylene glycol (w/v) (Safe-T-Therm, Houghton Int. Inc, Scranton, PA, USA) in demineralized water (Chemical store, Ohio State University, Columbus, OH, USA). The cylindrical pressure chamber had interior dimensions of 25 mm diameter × 152 mm depth. The pressure chamber had an external jacket for temperature control which circulated fluid to a temperature controlled propylene glycol bath.
Dual Needle Probe Design
The dual needle probe ( Fig. 1 ) was fabricated by following the design principles of the well-known line heat source technique [14, 22, 23] and adapted to work under elevated pressure conditions for this study. The probe essentially consisted of two parallel stainless steel needles. The first central needle was made from a stainless steel hypodermic tube (VITA gauge 20, Vita Needle Company Inc, Needham, MA, USA) with an outer diameter of 0.71 mm and a thickness of 0.15 mm, and was used for measuring thermal conductivity. The length/diameter ratio of the needle was kept at 60 to minimize axial heat flow error. [24, 25] A loop of insulated constantan heating wires (TFCC-003; Omega Engineering, Stamford, CT, USA; diameter 0.076 mm) was inserted along with type K thermocouple wires (TFCY-003; TFAL-003; Omega Engineering, Stamford, CT, USA; diameter 0.076 mm). Type K thermocouples were used because their EMF is not affected by elevated pressures. [26] The thermocouple junction was positioned at the middle length of the probe. The tip of the central needle in contact with tested food materials was sealed with epoxy resin (Devcon 2 Ton epoxy, Riviera Beach, FL, USA) to avoid inflow of the sample into the needle. The other end was kept open, so the pressure medium could act as filling material and prevent deformation of the probe. [11, 14] The second needle utilized a K-type thermocouple probe (KMQSS-040U-7, Omega Engineering, Stamford, CT, USA) mounted at a distance r ∼ 2.0 ± 0.03 mm as measured by a digital caliper (Starrett 799, Athol, MA, USA) from the central needle. The distance r was selected to ensure the condition 0.16 < β < 3.1 (Eq. 1) recommended by Nix et al. [27] was satisfied:
where β is a dimensionless number, α is thermal diffusivity (m 2 /s); r is distance between two needles (m), and t is time (s). The heating wire in the central probe was heated using a direct current (DC) voltage supplied by a power source (BK precision 615-1621A, Mouser Electronics Inc., Mansfield, TX, USA). The voltage and temperature values were recorded using a data acquisition system (CR 23X Micrologger, Campbell Scientific, Inc., Logan, UT, USA). The power input was calculated knowing the resistance of the heating wire and the applied voltage. Influence of elevated pressure on resistivity of the heating element was reported to be negligible. [28] In addition, this change in resistance was also compensated by probe calibration factor. To prevent electric short circuits, which may interfere with the thermocouple readings, the junctions of the electrical power supply were insulated with epoxy (Devcon 2 Ton epoxy, Riviera Beach, FL, USA).
Sample Holder
The dual needle probe was housed inside a cylindrical sample holder made from polycarbonate (19 mm × 90 mm; US plastics, Lima, OH, USA) and connected to the pressure chamber top closure (Fig. 1) . A movable piston coupled with an O-ring was used to contain the sample and transmit the applied pressure to the contents of the sample holder. To reduce the friction between the O-ring and sample holder, a thin layer of silicon-based lubricant (Dow Corning, Midland, MI, USA) was applied to the O-ring before experiment.
Probe Calibration
The probes were calibrated with distilled water at 100 MPa intervals up to 600 MPa at 25
• C. We used water as the calibration material by following the procedures of Ramaswamy et al. [13] The calibration factor for thermal conductivity and diffusivity of the probe were calculated from published NIST data for water under pressure. [8] 
Subscript NIST denotes data taken from a published NIST source [8] and f k , f α are calibration factors for thermal conductivity and diffusivity, respectively. Additional crossvalidation experiments using these calibration factors were subsequently conducted using glycerol 99.5% (Acros Organics, Fairlawn, NJ, USA), whose thermophysical properties values are readily available in the literature. [29] Due to the hygroscopic nature of the glycerol, sample loading time was minimized as much as possible.
Food Materials
Thermal conductivity, thermal diffusivity, and specific heat of selected food materials (sucrose solution, tomato puree, soy protein isolate, soybean oil, guacamole, honey, and cream cheese) were determined at 25
• C over the pressure range up to 600 MPa (Table 1) . Isolated soy protein (PROFAM 891, ADM, Decatur, IL, USA) 10% and sucrose (JT Baker, Phillipsburg, NJ, USA) solution 10% were prepared in demineralized water (Chemical Store, Ohio State University, Columbus OH, USA) as described by Min et al. [31] Soybean oil, honey (Pure Clover Grade A), cream cheese (Philadelphia, Kraft Foods), and tomato were purchased from a local grocery store (Columbus, OH, USA). Tomato puree was prepared by chopping the tomatoes, pureeing in a blender, and removing seeds using a sieve. Guacamole (Trader Joe's, Needham Heights, MA, USA) was purchased from a local store. Tomato puree and guacamole samples were further de-aerated to remove occluded air by applying vacuum before subjecting them to pressure treatment. An attempt was made to include representative food materials from different food constituent groups (fat, carbohydrate, or protein) that had known density values under pressure [31] (Table 2) , so the isobaric specific heat can be determined from thermal conductivity and diffusivity. 
Test Procedure
For each run, about 25 g of the sample was loaded into the sample holder and closed using the movable piston (Fig. 1 ). The sample holder was visually examined for entrapped air bubbles, which were removed through a weeping hole in the center of the movable piston. A screw was used to seal the weeping hole after air removal. The sample holder, together with the top enclosure, was inserted into the pressure chamber and the system was sealed by tightening the retaining screw ( Fig. 1) .
After the sample reached thermal equilibrium with the external conditioning jacket, a pre-determined level of DC power (1.8 W/m) was applied. Preliminary experiments verified that convection effects were kept to a minimum at this power level. [13] The maximum power level at which the convection was negligible was selected to ensure reasonable temperature rise during thermal conductivity and diffusivity measurement. Thermal conductivity experiments utilized sample temperature recorded at 0.2-s intervals up to 60 s. Thermal diffusivity experiments were conducted up to 200 s. The reported thermal conductivity, specific heat, and thermal diffusivity values each were averages of six replicates. From the temperature histories of the test samples, the thermal conductivity, thermal diffusivity, and specific heat values of the test samples were calculated by solving the unsteady state Fourier equation. The solution was implemented in Matlab (version 7.1.0246, Mathworks Inc., Natick, MA, USA) as described in the following section. To verify the impact of pressure treatment on measured property values, an additional set of experiments were carried out before and after pressure treatment at atmospheric pressure conditions.
Theoretical Consideration
The cylindrical solution of Fourier's equation for unsteady-state radial heat conduction in an infinite medium [32, 33] is given by:
where T is the temperature rise (K); Q denotes the supplied power per unit length (W/m); k is thermal conductivity (W/m·K); and x is a dummy variable. Equation (4) can be expressed using an infinite power series as below: [22] T = Q 2π k
where C e is Euler constant (0.5772). For thermal conductivity, if β < 0.16, temperature rise can be approximated by Eq. (6) with less than 1% error:
where T is the temperature increase (K) between the time intervals t 1 , t 2 (s). From Eq. (6), thermal conductivity can be estimated from the slope of the natural logarithm of temperature versus time by linear regression. Using the temperature history measured by the second thermocouple sensor, thermal diffusivity values were estimated by a Newton-Raphson iterative solution for Eq. (5). An initial value of β = 10 −10 was used. While solving Eq. (5), to ensure convergence, the first 50 terms in the power series were used. Beyond 50 terms, the estimated truncation error was not significant (<10 −18 ). Knowing thermal diffusivity and thermal conductivity values, volumetric specific heat values were calculated by using the relationship:
To evaluate the specific heat of the food materials, density data of the respective foods under pressure reported by Min et al. [31] was used.
Prediction of Thermal Properties of Tested Foods under Pressure
Pressure dependency of thermal properties was empirically modeled by relating the thermal property values (X) with pressure (P). The data were fitted to a general polynomial equation of the form:
Coefficients of Eq. (9), a 0 , a 1 , a 2 , and a 3 , were estimated by regression analysis (Matlab, Version 7.1.0246, Mathworks Inc., MA, USA).
Statistical Analyses
Means were compared using least-significant difference (LSD) procedures by SAS software, version 9.1.3 (SAS Inst. Inc., Cary, NC, USA). Mean differences among treatments were calculated with Fisher's LSD method, with significance at the 5% level (P < 0.05).
Uncertainty Analyses
In measuring thermal conductivity, diffusivity, and specific heat by the dual needle probe, the main sources of experimental errors are those associated with the measurements of temperature, pressure, time, and power. Uncertainties related to the pressure, power, and the time measurements were in turn based on the operating characteristics of the data acquisition instruments. [13] Errors may also arise from the deviation of the probe design from theory (finite probe length, radius, thermal mass, change in distance between the probes, and difference in thermophysical properties of the probe and food materials). The deviation of measured values from the true ones was caused by measurement errors, which included components arising from random or systematic effects. The uncertainty associated with error in estimating thermal properties were analyzed by following the NIST guidelines. [34] These uncertainties can be classified, into two main categories: type A and type B.
[35] Type A standard uncertainty was evaluated:
where u(x i ) denotes type A uncertainty and X i is the mean of n independent observations X i,k . Type B standard uncertainty was evaluated based on our scientific judgment of the available information of factors likely to affect the measurands. Assuming the measurements were uncorrelated, the combined uncertainty was estimated based on the law of propagation of uncertainty as below:
where u c (G) is the combined uncertainty in measuring thermophysical property G; u(x i ) was standard uncertainty component (type A or B) of the input x i . A sensitivity analysis was conducted to estimate the uncertainty in the measurement of thermal property associated with the sources of error in temperature, power, time, etc. 
RESULTS AND DISCUSSION
equilibrium (∼25
• C), the temperature of the test sample increased during pressurization due to heat of compression and was subsequently allowed to equilibrate back to 25
• C. Representative thermal histories during thermal conductivity and thermal diffusivity measurements were presented in Figs. 2a and 2b .
Probe Calibration
The probe specific calibration factors for thermal conductivity and thermal diffusivity were estimated by comparing experimental data of the distilled water against those published from NIST (Fig. 3) . Deviation of probe design parameters from theory (e.g., finite radius, thermal mass, finite length, contact resistance between the probe and sample) might have contributed to the variation in the calibration factors. Within the range of experimental conditions of the study, the probes used had different probe specific calibration factors (1.032-1.079 for thermal conductivity, and 1.01-1.245 for thermal diffusivity), but did not follow any specific trend. Therefore, individual probe specific calibration factors Probe specific calibration factors for thermal conductivity and diffusivity up to 600 MPa at 25 • C. Water was used as the calibration fluid and the experimental data were compared against published NIST data. [24] ( ) Thermal conductivity; (•) Thermal diffusivity. Error bar indicated mean ± standard deviation. were determined for various pressure intervals studied. Figure 4 compares the experimental thermal conductivity and diffusivity data of glycerol as a function of pressure against that of the published literature. [29] There was reasonable agreement between measured and reported data. Measured thermal properties at atmospheric pressure were also compared against published data in the literature (Table 3) .
Influence of Pressure on Thermal Conductivity
The influence of pressure on thermal conductivity of foods at 25
• C is shown in Fig. 5 . Within the range of our experimental conditions, thermal conductivity of foods increased linearly as a function of pressure. For example, when the pressure increased from 0.1 to 600 MPa, thermal conductivity of 10% sucrose solution increased from 0.557 W/m·K to 0.752 W/m·K. Similarly, thermal conductivity of cream cheese increased Increase in thermal conductivity values of foods with increasing pressure was also reported by earlier researchers. [11, [13] [14] [15] [16] [17] Pressure dependency of thermal conductivity is a function of compressibility of materials. [5] Under pressure, the intermolecular distance is decreased, hence reducing the mean free path of the molecules, and results in an increase in thermal conductivity.
It appears that for aqueous solutions, change in thermal conductivity under pressure is mainly a function of water fraction. Thermal conductivity of 10% (w/v) sucrose solution and tomato puree (5.04% solid content) closely followed the thermal conductivity values of water. Similar observations were also made by Werner et al., [17] who reported that thermal conductivity of sugar solutions was primarily a function of applied pressure and sugar mass fraction. In the case of honey, the main components were glucose (35.7%), fructose (41.0%), galactose (3.0%), and water (17.1%) (USDA National Nutrient Database [30] ). Thus, the k values of honey were less influenced by pressure (Fig. 5) . Min et al. [31] reported that honey had lower compressibility values than that of water and 10% sucrose solutions, and that compressibility decreased with increasing sugar content (2.5-50%).
Among the substances tested, soybean oil had the lowest thermal conductivity values (0.173 W/m·K to 0.256 W/m·K) (Fig. 5) . Min et al. [31] observed that soybean oil had higher compressibility than that of water up to 100 MPa, similar compressibility between 100 MPa to 300 MPa and less compressibility between 300 to 700 MPa. However, thermal conductivity of soybean oil in general did not exhibit a nonlinear pressure dependency relationship. Werner et al. [17] reported a nearly linear relationship between (1/k)(∂k/∂P) T and isothermal compressibility of plants oils. Relative change in thermal conductivity of liquid under pressure was characterized by:
where:
and
Subscripts "p" and "o" denotes values of k and ρ at an arbitrary pressure "p" and atmospheric pressure. g is derived from the relationship between mean molecular frequency (ν) and density (ρ). [17] From Eq. (12), it is evident that relative thermal conductivity change under pressure is influenced by both the relative density change of the material under pressure, as well as the intrinsic properties of the material represented by constant g.
In the absence of experimental ν values, g can be empirically determined by a simple linear regression between pressure dependent thermal conductivity and density. Using k values estimated in the current study and ρ values reported by Min et al., [31] the estimated g values of 10% sucrose solution, soy protein isolate, soybean oil, honey, and guacamole were 2.01, 1.54, 2.42, 2.23, and 2.33, respectively.
Among the liquid materials (soybean oil, honey, and 10% sucrose solution), g was highest for soybean oil and lowest for honey. In addition, over the range pressure studied, relative density change of honey was lowest, [31] which may help explain the least relative increase in thermal conductivity of honey in the current study. Soybean had approximately the same relative density as that of 10% sucrose solution at 600 MPa, but higher g values. This may explain higher pressure dependency of thermal conductivity of soybean oil than sucrose solution.
Depending on the composition of protein, denaturation may take place at different pressure levels. Some protein fractions, like β-lactoglobulin, are denatured at pressure above 100 MPa but others show resistance to pressure treatment at higher pressure levels. [36] Thermal conductivity of 10% soy protein solution and cream cheese (∼6% protein) before and after pressure treatment were similar indicating that within the experimental conditions of the study, pressure denaturation did not have significant effects on the measured properties.
Influence of Pressure on Thermal Diffusivity
Pressure dependence of thermal diffusivity is presented in Fig. 6 . The results generally indicate a slight increase in thermal diffusivity with pressure. Among the tested food materials, soybean oil (from 0.075 × 10 −6 to 0.118 × 10 −6 m 2 /s) and honey (from • C) reported for cheddar cheese by Zhu et al. [14] The authors also reported a positive pressure dependency of thermal diffusivity following a second order polynomial.
Influence of Pressure on Volumetric Specific Heat
The effects of pressure on volumetric specific heat were significant (P < 0.05) for the tested foods samples. However, volumetric specific heat did not show a clear trend as a function of pressure (Fig. 7) . As both thermal conductivity and diffusivity increased with pressure (Figs. 5 and 6 ), the ratio between them (Eq. 7) becomes relatively pressure independent. [14] Contrary to the trend exhibited by the food substances, volumetric specific heat of glycerol was reportedly increased with pressure. [29] Influence of Pressure on Isobaric Specific Heat Specific heat of the selected foods under pressure at 25
• C is given in Fig. 8 . Most of the food materials' specific heats decreased with increase in pressure. For example, specific heat of the 10% sucrose solution decreased from 4.08 to 3.31 KJ/kg·K when pressure increased from 0.1 to 600 MPa. The results were in agreement with Barbosa, [19] who also reported a decrease in specific heat values for 10% sucrose solution from 3.95 to 3.64 KJ/kg·K over 600 MPa pressure increase. It is worth noting that guacamole samples showed an initial increase in C p values up to 100 MPa and subsequently decreased with increasing pressure beyond 100 MPa (Fig. 8) , which may be attributed to entrapped air bubbles present in the sample during loading. Efforts were made to de-aerate the guacamole sample by applying vacuum, but it might not have removed all the entrapped air in the void spaces. Bridgman [37] evaluated the specific heat of 12 organic liquids under pressure and found a complex pressure and temperature dependence of specific heat. The specific heat at constant pressure (C p ) decreased in the relatively low pressure range and increased when pressure surpassed above a certain threshold limit. Bridgman attributed pressure dependency of specific heat to change of potential of attractive force between molecules, the association of molecules, and partition of different components of internal energy with changing pressure. [4] Specific heat of food materials at 25
• C decreased with an increase in pressure. This is contrary to temperature dependency of specific heat, which in general is reported to increase with increase in temperature. [38] More studies are needed to investigate the combined pressure-thermal effects on specific heat.
Prediction of Thermal Properties under Pressure
Various regression coefficients of Eq. (9) relating the thermal properties as a function of pressure at 25
• C are tabulated in Table 4 . It is interesting to note that while thermal conductivity of the food materials can be described by a linear equation, thermal diffusivity and isobaric specific heat followed 2 nd -or 3rd-order polynomial relations. Care must be exercised not to extrapolate these empirical relationships outside the experimental range of this study (0.1 to 600 MPa at 25
• C).
Uncertainty Analysis
Detailed uncertainty analysis for in-situ measurement of thermal conductivity under pressure by line heat source probe was described by Ramaswamy et al. [13] Uncertainty related to probe design was minimized by following recommendations by Murakami et al. [25] Uncertainty related to temperature was 0.1%. Similarly the uncertainty associated with measurements of pressure, power, and time was ≈0.1%. Potential errors associated with convection due to changes in fluid density or viscosity under pressure was treated as random uncertainty. Within the range of experimental conditions studied, thermal conductivity measurement had a combined uncertainty between 0.9-3.1%. For thermal diffusivity, the potential error arising from changes in the distance between two needles under pressure was eliminated by calibrating the probes at individual pressure intervals.
Maximum uncertainty of thermal diffusivity as influenced by temperature and power measurement was 0.2 and 0.2%, respectively. The maximum uncertainty of thermal diffusivity due to thermal conductivity input was 5.20% (Eq. 5). The combined uncertainty associated with thermal diffusivity was 2.6-6.8%. For volumetric specific heat and specific heat, the combined uncertainty was determined based on that of thermal conductivity and diffusivity and was found to be 3.4-6.6% and 3.4-6.9%, respectively. 
CONCLUSIONS
A dual needle probe was used successfully to measure in-situ pressure dependent thermal conductivity, thermal diffusivity, and specific heat values of selected food materials up to 600 MPa at 25
• C. Thermal conductivity of tested materials increased linearly with increase in pressure. Thermal diffusivity, in general, increased with pressure and can be described by a 2nd-order polynomial equation. Specific heat of tested foods decreased as pressure increased up to 600 MPa. The in-situ changes in the measured property values under pressure were temporary, and the values after depressurization returned to values close to initial values before pressurization. The data generated will be useful for the high pressure equipment design and optimization. Additional studies on in-situ thermal properties are required at elevated pressure-heat conditions for evaluating process uniformity during PATP. 
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